Introduction
============

Aurora A kinase is frequently amplified in many epithelial tumors, cancers of solid organs and hematological malignancies. Aurora A kinase has been implicated in causing and/or maintaining the malignant phenotype and resistance to microtubule-targeted chemotherapy, such as paclitaxel [@B1]-[@B4]. This kinase regulates many steps of mitosis, such as mitotic entry and exit and bipolar spindle assembly, becoming localized on the centrosome during early G2 phase [@B1],[@B5]. Previous results have illustrated that phosphorylation of BRCA1 by Aurora-A is crucial for the initiation of the mitosis [@B6]. As such, inhibition of aurora A kinase activity has been shown to cause centrosome separation and maturation defects, spindle aberrations, cell cycle arrest, and apoptosis [@B7]. We have generated mice model of Aurora-A tumors, in which Aurora-A cDNA is expressed under control of the MMTV promoter [@B8]. mTOR and Akt pathways are activated in developed tumors in these mice [@B8], and combined treatment of tumor cells with inhibitors of Aurora-A, mTOR and Akt induced apoptosis [@B9], suggesting that network of oncogenic pathways synergize to develop Aurora-A tumors. In that mice model, we have also shown that tumor incidence and malignancy are accelerated when p53 is simultaneously deleted [@B8]. Extensive studies of functions of p53 have demonstrated that this protein plays a pivotal role in determining cell fate in the process of cell transformation [@B10]-[@B12]. Taken together, these results indicate that Aurora-A functionally interacts with p53 pathway and suggest that integrity of p53 pathways could determine tumor suppression when these cells are exposed to anti-proliferative stimuli.

Through substructure searching for kinase-priviledged fragments in an in-house compound library, we found a lead compound that has a furanopyrimidine scaffold [@B13]. Aurora-A inhibitor, BP (BPR1K0609S1), was synthesized from this lead compound and tested for its interaction with Aurora-A and epidermal growth factor receptor (EGFR) kinase activity [@B13]. It has been shown that BP is highly specific for Aurora-A, suggesting that it could be utilized as a lead compound to target Aurora-A tumors in vivo.

In the current studies, we investigated the roles of p53 pathways in tumor suppression when BP inhibits Aurora-A activity in vitro and in vivo. It has been well demonstrated that p53-mediated cell cycle checkpoint is regulated by its target proteins including p21, Puma, Bax, or by Chk2 kinase [@B10]-[@B12]. On the basis of that, in these studies, we used HCT116 human colon carcinoma cell line and its isogenic variants in which p53, Puma, Bax, p21 or Chk2 is deleted [@B14]-[@B17], and explored whether these proteins are involved in BP-mediated tumor suppression. We further investigated BP-resistant tumors cells recovered from xenograft undergo apoptosis when subsequently treated with 5-FU.

These results indicate that p21 and Chk2 are modifiers of BP-induced tumor suppression, and that combination therapy with 5-FU may efficiently reduce tumor progression.

Materials and Methods
=====================

Ethics Statement
----------------

We certify that mice were treated in accordance with the guidelines of University of Chicago (Evanston, USA). Protocols of mice studies were approved by Northshore University Health System IACUC. When tumor size reaches 1.5cm, tumors were removed and mice were euthanized by CO2 asphyxiation followed by cervical dislocation.

Cell culture
------------

HCT116 was purchased from ATCC and isogenic HCT116 variants deficient for p53, Puma, Bax, Chk2 or p21 were kindly obtained from Dr. Bert Vogelstein (Johns Hopkins University, Ref. 14-17). They were grown in McCoy\'s 5A medium supplemented with 10% fetal bovine serum and 100U of penicillin-streptomycin/ml (Invitrogen). HCT116 variants recovered from xenograft were also maintained in the same condition.

Cell cycle analysis of isogenic HCT116 variants when treated with kinase inhibitors
-----------------------------------------------------------------------------------

BPR1K0609S1 (BP) was isolated from screen of a library of furanopyrimidine [@B13]. 5-FU (5-fluorouracil) was purchased from Sigma. Cells were treated with BP (800nM) or 5-FU (375µM) for 48 h followed by FACS analysis with propidium iodide (FACSCalibur and CellQuest Pro software). Results were obtained from two independent experiments using total five mice per one isogenic HCT116 variant.

Xenograft assay
---------------

All animal studies were performed by following protocol approved by Institutional Animal Care and Use Committee (IACUC). Female athymic mice at the age of 4 to 5 weeks were purchased from Jackson Laboratory. For xenograft assay, HCT116 isogenic cells (5x10^6^cells/100 µl of PBS) were transplanted into both flanks of mice. When tumor size reached at 200\~400mm^3^, one side of tumor was s.c. injected with BP (800nM). Size of tumors was measured every other day after injection. When tumor size reached to 2,000mm^3^, mice were euthanized. Results were obtained from two independent experiments using total five mice per one isogenic HCT116 variant. Using SAS 9.3, two way ANOVA analysis has been conducted for the post hoc analysis on the tumor size changes, using Tukey\'s studentized range test (HSD) on all main effect mean.

Removal and re-xenograft of drug resistant tumors
-------------------------------------------------

After administration of BP compound to tumors developed in nude mice, chemoresistant tumors were excised and placed on cell culture plate in McCoy\'s 5A medium supplemented with 10% fetal bovine serum and 100U of penicillin-streptomycin/ml, as described above. On the next day, BP was added to cell culture media (400nM or 800nM) of resistant cells, and the cell culture were maintained for at least 2 weeks until cell colonies were isolated. We could only establish BP-resistant HCT116 p53(-), Puma(-), Chk2(-) and Bax(-) cells in our hand. Isolated cells were maintained in the presence of 100nM of BP, and 5x10^6^ cells were transplanted again into nude mice as described above.

Western blot analysis
---------------------

Cells were lysed with EBC buffer (50mM Tris-HCl, pH8.0, 120mM NaCl, 0.5% NP-40, 100mM NaF, 200nM sodium orthovanadate, 100µg/ml phenylmethysulfonyl fluoride, 2µg/ml leupeptin, 2µg/ml aprotinin). Protein concentration was determined by Bradford method, followed by separation in 5% or 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to Immobilon-P membrane (Milipore) using a semidry transfer method (Trans-Blot, Bio-Rad). Membranes were blocked in 1% nonfat dried milk and 0.05% Tween 20 in PBS. Primary antibodies are: anti Aurora-A, Aurora-A phospho-Thr288, Aurora-B phosphor-Thr232, Aurora-C phosphor-Thr198 (Cell Signaling) and tubulin (Santa Cruz). Secondary antibodies are horseradish peroxidase-conjugated anti mouse IgG or rabbit IgG (Jackson Laboratory).

Results
=======

BPR1K0609S1 (BP) inhibits phosphorylation of Aurora-A at Thr288
---------------------------------------------------------------

Aurora-A inhibitor, BP, was identified from a library screen of furonapyrimidine [@B13]. In this study, we investigates anti-tumor activity of BP and the roles of p53 pathway in its tumor suppression activity using isogenic variants of p53-wild type HCT116 human coon cancer cell line, in which p53, p21, Puma, Bax, or Chk2 is deleted.

We initiated biochemical characterization of BP using HCT116 human colorectal carcinoma cell line. Cells were treated with BP for 24 h with different concentration of the compound (26, 64, 160 and 400 nM). Phosphorylation of Aurora-A at Thr288, Aurora-B at The232 and Aurora-C at Thr198 has been implicated in their catalytic activation, respectively [@B18]-[@B20]. As shown in Figure [1](#F1){ref-type="fig"}, BP specifically inhibited phosphorylation of Aurora-A at Thr288 among these phosphorylation sites of Aurora kinases, indicating specificity of this compound to Aurora-A kinase among Aurora family of proteins. The specific activity of BP was similarly observed in HCT116 variants that we used in these studies.

Alteration of cell cycle profiles with BP treatment is determined by integrity of p53-associated proteins
---------------------------------------------------------------------------------------------------------

To study the roles of p53 pathway in Aurora-A tumorigenesis and BP-mediated tumor suppression, we used HCT116 human colorectal cancer cell line overexpressing Aurora-A (16), and its isogenic derivatives, in which p53-associated genes (p53, p21, Puma, Bax and Chk2) are stably knocked out in vitro [@B14]-[@B17]. Logarithmically growing cell culture of these variants was treated with BP compound (800nM) for 48 h, and cell cycle profiles were determined by FACS analysis (Figure [2](#F2){ref-type="fig"}). Among these HCT116 variants, HCT116 p21(-) cells are highly sensitive to BP treatment and they underwent apoptosis (28%). BP-induced apoptosis was much less in parental HCT116 and HCT116 Chk2(-) cells. Interestingly, BP weakly induced HCT116 Bax(-) cells, although pro-apoptotic Bax gene is inactivated in these cells [@B21],[@B22].

BP potentially induced aneuploidy in all these cell types examined, but significant induction was observed in HCT116 (34%), HCT116 p53(-) (31%), and HCT116 p21(-) (53%). Decrease in G1 phase was commonly observed in all the cell types with BP treatment. Among these cell lines, G1 phase of HCT116 p53(-) and HCT116 p21(-) cells was remarkably decreased from 29% to 11% and 32% to 5%, respectively.

These results indicate that BP compound can efficiently induce apoptosis and aneuploidy in p21-deficient cells, but aneuploidy is well induced in HCT116 and HCT116 p53(-) cell, too.

BP inhibits tumorigenesis of cells deficient for p21 or Chk2
------------------------------------------------------------

We next explored anti-tumor activity of BP in xenograft model (Figure [3](#F3){ref-type="fig"}). HCT116 isogenic cell lines were transplanted onto athymic mice, and a size of tumor was measured. Among these cell lines, tumor growth of HCT116 Puma(-) cell was most aggressive. Tumor growth of both HCT116 and HCT116 p21(-) cells were slower than other cell types. When the size became \~200 to 400 mm^3^, BP (800nM) was directly s.c. injected daily. Of note, tumor growth of HCT116 cells was not significantly reduced with BP treatment. Tumor growth of HCT116 p53(-), HCT116 Bax(-) and HCT116 Puma(-) cells was weakly reduced with BP treatment. Tumorigenesis of HCT116 Chk2(-) and HCT116 p21(-) cells was markedly inhibited with BP injection.

By using SAS 9.3, 2 way ANOVA analysis was conducted for the post hoc analysis on the tumor size fold changes using Tukey\'s studentized range test (HSD) on all main effect mean. The time points when the 2 groups (untreated, treated with BP) show significant differences is: HCT116 cells; no difference, p53(-) cells; at day 9, Chk2(-) cells; at day 6, p21(-) cells; at day 6, Bax(-) cells; at day 9, Chk2(-) cells; at day 5.

These results demonstrate that Chk2 and p21 can modulate tumor cell\'s BP sensitivity in xenograft model more significantly than other p53-associated proteins examined.

BP-resistant tumor cells do not show enhanced tumorigenecity
------------------------------------------------------------

Xenograft experiments indicated that BP show anti-tumor activity, although there is some difference in magnitude of its efficiency. After BP injection, drug-resistant tumors still remained in mice. We characterized whether these drug-resistant cells show more malignant phenotypes than those of the individual original HCT116 variants. After treatment of BP-injection, tumors were removed from xenograft, excised and seeded on cell culture plates. Tumor cells resistant to BP were maintained in the presence of BP (100nM) to establish drug-resistant subclones. Among the removed tumors, HCT116 Puma(-), HCT116 Bax(-), HCT116 Chk2(-) and HCT116 p53(-) cells were successfully established from removed BP-resistant tumors.

Next, tumor xenograft assay was performed to study whether these recovered cell lines show more malignant phenotypes than each of the original cell lines. Parental and BP-resistant cells (5 x10^6^ cells) were transplanted onto nude mice, and a size of the developed tumors was daily measured from day 7 (Figure [4](#F4){ref-type="fig"}). Using SAS 9.3, two way ANOVA analysis has been conducted for the post hoc analysis on the tumor size changes, using Tukey\'s studentized range test (HSD) on all main effect mean. The results indicate the time points when differences between parental and resistant cells are observed are: HCT116 Puma(-) Bax(-) and Chk2(-) cells and their BP-resistant clones; no significant differences, and VX680/MK8745 cells; at day 15, HCT116 Bax(-) and MK8745 cells; at day 13, HCT116 p53(-) and BP cells; at day 15. Of note, these BP-resistant cells did not show faster tumor development compared to their parental cells, respectively. It remains to be elucidated how these cells escaped from apoptosis and aneuploidy after treatment with BP, however, these results indicate that drug-resistant tumors did not acquire accelerated tumorigenesis when xenograft was treated with BP.

5-FU further induces apoptosis of BP-resistant tumor cells
----------------------------------------------------------

We explored whether BP-resistant tumor cells recovered from xenograft could undergo apoptosis when treated with chemotherapeutic agents. 5-FU is a well-characterized anti-cancer agent and has been used for tumor suppression in vitro and in vivo [@B29]-[@B32]. We studied whether 5-FU could further induce apoptosis of BP-resistant-HCT116 Chk2(-), -HCT116 Bax(-), -HCT116 p53(-) and HCT116 Puma(-) cells (Figure [5](#F5){ref-type="fig"}). These cells were treated with 5-FU (375µM) for 48 h, and cell cycle profiles were determined by FACS analysis. First, we studied cell cycle profile of these BP-resistant cells without 5-FU treatment and compared them with BP-treated cells that are shown in Figure [2](#F2){ref-type="fig"}. Population of cells in each phase of the cell cycle was similar in BP-treated and BP-resistant HCT116 Bax(-) cells. No significant difference in cell cycle profile was also observed between BP-treated and BP-resistant HCT116 Puma(-) cells. When HCT116 Chk2(-) cells were treated with BP, \~40% of cells were in G2M phase (Figure [2](#F2){ref-type="fig"}), however, BP-resistant HCT116 Chk2(-) cells showed decreased G2M phase (27.0%). When HCT116 p53(-) cells were treated with BP, \~9% of cells were in G1 phase (Figure [2](#F2){ref-type="fig"}). A fraction of BP-resistant HCT116 p53(-) cells in G1 phase was increased to 36.3%. These results indicate that HCT116 Chk2(-) and p53(-) cells became tolerated to BP treatment during xenograft assay.

Next, we tested whether these BP-resistant cells undergo apoptosis when treated with 5-FU. 5-FU induced apoptosis of BP-resistant-HCT116 Chk2(-), Bax(-), p53(-) and Puma(-) cells up to 40.6%, 36.8%, 36.7% and 41.2%, respectively. Of note, among these cells, higher increased rate in apoptosis was observed in HCT116 Chk2(-) and Puma(-) cells (from 4.6% to 40.6%, and from 6.4% to 41.2%, respectively). Compared to the parental cell lines, BP resistant cells were more sensitive to 5-FU ([Supplementary Table 1](#ST1){ref-type="supplementary-material"}). These results indicate that combination therapy with BP and 5-FU may effectively collaborate to induce apoptosis of Aurora-A tumor.

Discussion
==========

In the initial research of translational application of Aurora kinase inhibitors, Aurora-A-specific targeting was considered a more therapeutically viable target given its role in tumorigenesis [@B24],[@B25]. However, no clinical data in human have shown highly specific inhibitors for Aurora-A to be therapeutically valuable than pan-Aurora inhibitors that target Aurora family of kinases as well as other kinases. Emerging data indicate that combination with spindle reagents, such as taxanes or vinca alkaloids, with Aurora-A kinase inhibitors may prove synergistic [@B4],[@B26]. Other drawback is that therapeutic dosing of Aurora kinase-specific agents may be difficult to elucidate as higher doses of inhibitors may lead to a pan-Aurora inhibitory effect.

In the present studies, we explored tumor inhibition with a new compound, BP (BPR1K0609S1) that targets Aurora-A kinase. Our preliminary data obtained from MMTV-Aurora-A mice model has shown that inactivation of p53 accelerates tumorigenesis in these mice, suggesting that integrity of p53 pathways is crucial to determine the tumor malignancy. On the basis of these observations, we studied whether p53-associated proteins are involved in BP-induced regression of Aurora-A tumors. HCT116 is a p53 wild type human colon cancer cell line. In vitro knockout of p53 associated genes, such as p53, p21, Bax, Puma, Chk2 etc, in HCT116 cells has been established in previous studies, providing unique and specific systems to investigate the roles of p53 pathways in tumor progression [@B14]-[@B17]. We used these isogenic cell lines in this study, and examined how any of these genes could determine BP-induced tumor suppression in vitro and in vivo. Cell cycle profile of these cell lines after treatment with BP illustrated that BP is potentially inducing accumulation of G2M phase\~aneuploidy. This is consistent with the results that Aurora family of kinases are involved in the mitotic (M) phase of the cell cycle, acting to establish the mitotic spindle, bipolar spindle formation, alignment of centrosomes on mitotic spindle, centrosome separation, cytokinesis, and monitoring of the mitotic checkpoint [@B1],[@B24],[@B25],[@B27]. Thus, Aurora kinases are critical for accurate and organized chromosome division and allocation to each daughter cell. On the basis of these observations, it is conceivable that inhibition of Aurora-A (and other Aurora family kinases) could perturb cell division. HCT116 p21(-) cells showed more accumulation of aneuploidy with BP treatment than, for example, HCT116 p53(-) cells (Figure [2](#F2){ref-type="fig"}). Although both HCT116 p53(-) and p21(-) cells similarly indicate incomplete cytokinesis and multilobulared nuclei [@B14], our results suggest that a signaling axis of Aurora-A/p21 regulates mitotic progression.

Our results demonstrated that HCT116 Chk2(-) cells are more sensitive to BP in xenograft assay among the cell lines examined. Interestingly, these cells indicated marked accumulation of aneuploidy when treated with BP (Figure [2](#F2){ref-type="fig"}), suggesting that inhibition of tumor development with BP is associated with this phenotype. Recent studies have illustrated that Chk2 deficient cells undergo mitotic catastrophe followed by apoptosis under conditions of cell stress [@B28]. Molecular mechanism underlying these phenotypes reveals that mitotic catastrophe occurs in a p53-independent manner and involves a primary activation of caspase-2, upstream of cytochrome c release, followed by caspase-3 activation and chromatin condensation. Thus, inhibition of tumor growth of HCT116 Chk2(-) cells with BP might be due to induced apoptosis of this caspase pathway.

We studied in vivo phenotypes of tumor cells recovered from xenograft assays after BP treatment. Among the removed tumors, only four cell types, HCT116 Puma(-), Bax(-), Chk2(-) and p53(-) cells could be re-cultured in our hand. Those cells were used for re-transplantation into nude mice, and their tumor growth assay was performed. Our results indicate that there are no significant differences in tumor growth between each of their parental cells and re-transplanted cells. Mechanisms of how these cells acquired BP-resistant phonotypes remain to be elucidated, and that this drug-resistance pathway is not directly involved in enhanced tumor growth. In our previous studies, we have found that mTOR/Akt is activated in the Aurora-A tumors and this activation occurs at the late stage of cell transformation [@B9]. Given that, we assume that activation of mTOR/Akt could provide drug-resistant phenotypes (submitted).

Since final goal of cancer therapy is to eliminate developed tumors, we examined whether BP-resistant cells could further undergo apoptosis when treated with other conventional therapeutic agents. 5-Fluorouracil (5-FU) has been the first-choice chemotherapy drug for colorectal cancer for many years. Although 5-FU in combination with other chemotherapeutic agents improves response rates and survival in breast and head and neck cancers, 5-FU has the greatest impact in treatment of colorectal cancer [@B29]. Nonetheless, response rates for 5-FU-based chemotherapy as a first-line treatment for advanced colorectal cancer are only 10-15% [@B30]. The combination of 5-FU with newer chemotherapies such as IRINOTECAN and OXALIPLATIN has improved the response rates for advanced colorectal cancer to 40-50% [@B31],[@B32]. Among the BP-resistant clones described above, HCT116 Chk2(-) and HCT116 Puma(-) cells are more sensitive to subsequent 5-FU treatment compared to HCT116 p53(-) and Bax(-) clones (Figure [5](#F5){ref-type="fig"}). We do not understand the mechanism of regulation of chemosensitivity when BP-resistant cells are further treated with 5-FU. Of note, cell cycle profile of BP-resistant clones is different from that of parental cells when transiently treated with BP (Figure [2](#F2){ref-type="fig"} and Figure [5](#F5){ref-type="fig"}, left). Thus, BP-resistant cells have overcome aneuploidy, therefore it is possible that DNA synthesis, which is indicated by a target of 5-FU, could be increased in those cells due to disrupted checkpoint. Increase in S phase after 5-FU treatment of BP-resistant clones support this notion.

These results suggest that combined therapy using both BP and 5-FU might effectively inhibit tumor development in vivo. Biological markers that could define the prospective evaluation of tumor\'s response to either BP or 5-FU need to be determined.
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![**BPR1K0609S1 (BP) specifically inhibits Aurora-A activity.** Auto-phosphorylation of Aurora-A at Thr288 is specifically inhibited by BP in concentration dependent manner.](ijbsv09p0403g01){#F1}

![**The effects of BPR1K0609S1 (BP) on cell cycle.** HCT116 and their isogenic variants, HCT116 p53(-), HCT116 Puma(-), HCT116 Bax(-) HCT116 p21(-) and HCT116 Chk2(-), were treated with BP (800nM) for 48 h, and cell cycle profiles were determined by propidium iodide (PI) staining. Results were obtained from two independent experiments.](ijbsv09p0403g02){#F2}

![**Anti-proliferative effects of BPR1K0609S1 (BP) in vivo.** Each of the indicated HCT116 variants was transplanted into both flanks of a nude mouse. When tumor size reached at 200-400 mm^3^, BP (800nM) was injected into one of the developed tumors per mouse. Tumor size was measured every day. Results were obtained from two independent experiments using total five mice per one isogenic HCT116 variant. Using SAS 9.3, two way ANOVA analysis has been conducted for the post hoc analysis on the tumor size changes, using Tukey\'s studentized range test (HSD) on all main effect mean.](ijbsv09p0403g03){#F3}

![**Tumor growth of HCT116 variants resistant to BPR1K0609S1 (BP).**Parental and BP-resistant HCT116 Puma(-), Bax(-), Chk2(-) and p53(-) cells were transplanted into nude mice. Size of developed tumors was monitored every other day. Results were obtained from two independent experiments using total five mice per one isogenic HCT116 variant. Using SAS 9.3, two way ANOVA analysis has been conducted for the post hoc analysis on the tumor size changes, using Tukey\'s studentized range test (HSD) on all main effect mean.](ijbsv09p0403g04){#F4}

![**5-FU treatment further induces cell death of BPR1K0609S1 (BP)-resistant HCT116 isogenic variants.** BP-resistant HCT116 Chk2(-), Bax(-), p53(-) and Puma(-) cells were further treated with 5-FU (375µM) for 48 h . Cell cycle profile was determined by FACS analysis of PI-stained samples. Results were obtained from two independent experiments using total five mice per one isogenic HCT116 variant. Using SAS 9.3, two way ANOVA analysis has been conducted for the post hoc analysis on the tumor size changes, using Tukey\'s studentized range test (HSD) on all main effect mean.](ijbsv09p0403g05){#F5}
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